axon guidance, we demonstrate a role for NgCAM and NrCAM in nociceptive and proprioceptive axon pathfinding, respectively.
Results
a The total number of embryos reflects the total number of embryos analyzed after a given treatment. As some embryos were analyzed at stages other than the ones described in the paper, the number of embryos analyzed at stages 26, 35, and 38 does not add up to the total number of embryos. Percentage of embryos showing the described phenotype is given in parentheses. b As there was no difference between embryos injected with serum albumin and embryos injected with either preimmune or nonimmune IgG, these embryos were combined into one group. Control-injected embryos were not different from uninjected control embryos with respect to overall development and sensory axon pathfinding.
250 injected embryos were analyzed ( Figure 2F ). Furthermore, afferents in anti-F11-injected embryos cord morphology or any sensory axon pathfinding errors. In contrast, between 54% and 100% of the embryos were confined to the ventromedial border of the DREZ ( Figures 2B and 2F) . As a considerable number of these analyzed after injection of either anti-axonin-1 or anti-F11 antibodies showed defects in morphology and/or axons turned erroneously ventrally rather than dorsally, they formed a bulge-like enlargement of the DREZ (Figaxon Figures 2B and 2D) . In all the anti-F11-treated of spinal cords (Figure 3 ). In control embryos or after injection of anti-axonin-1 antibodies, the trajectory of embryos analyzed at stage 26 (n ϭ 51 embryos), the dorsal root appeared split in transverse vibratome secDiI-traced DRG axons was Y shaped ( Figure 3D ). Consistent with the erroneous ventral turns observed in transtions. Axons were found to crisscross in the dorsal root, suggesting that their bundling behavior was disturbed.
verse sections of anti-F11-injected embryos, we found dramatic deviations from their normal Y-shaped trajecIn contrast, in control embryos, axons always grew to the DREZ in straight, parallel trajectories, resulting in a tory in longitudinal sections ( Figures 3A-3C ). While some fibers still followed the normal pathway, many fibers very homogenous appearance of the dorsal root. As split dorsal roots in anti-F11-injected embryos were also were extending horizontally or even ventrally (arrows in Figure 3B ). The ventral enlargement of the DREZ seen observed when we stained adjacent vibratome sections with anti-neurofilament antibodies ( Figures 2C and 2D) in Figure 2F was reflected by swirl-like structures such as the one seen in Figure 3C . They were most likely that were not subpopulation specific but stained all DRG axons, we excluded the possibility that the effect was formed by fibers that failed to extend along the longitudinal axis. an artifact of dye injections. We never observed split formed before stage 29, it seems likely that the observed phenotype is due to an effect in the growth behavior of of the slices. Even in embryos sacrificed later than stage 35 (n ϭ 7 embryos), no fibers extending to the ventral primary sensory axons. Thus, the absence of collaterals extending to the ventral horns could be due to the fact horn could be traced after injection of anti-F11 antibodies (data not shown). Thus, it would appear that the that the primary axons did not reach their appropriate medial location in the dorsal funiculus rather than due defect was not a manifestation of delayed growth but rather a general failure to extend into the ventral spinal to a direct F11 dependence of the collaterals. In order to discriminate between these two possibilities, we perthe intermediate layers of the gray matter, but in no cases were collaterals observed to reach the ventral formed a series of in vivo experiments in which F11 interactions were blocked only during a later time winhorn (data not shown). Thus, we concluded that F11 was necessary not only for the pathway choice of the dow. Growing technical difficulties due to the restricted accessibility of embryos at advanced stages prevented primary axon during the initial stages of sensory axon pathfinding (Figures 2 and 3 ) but again during later us from injecting embryos after stage 30. However, since antibodies could be detected in the spinal cord up to stages for pathfinding of proprioceptive collaterals (Figure 4) . 48 hr after injection, we expect that growing collaterals were still exposed to them when we injected embryos between stages 26 and 30 and that analysis of embryos
In the Absence of Axonin-1 Interactions, Sensory Axons Invade the Gray Matter Prematurely sacrificed at stage 35 or later (n ϭ 28 embryos) would reflect the dependence of Ia collaterals on F11 interacIn contrast to the injection of anti-F11, the injection of anti-axonin-1 antibodies did not induce any changes tions. In embryos analyzed at late stages, sometimes a few Ia afferent collaterals could be observed to reach in the formation of the dorsal root (n ϭ 50 embryos). As this is at least 1 day before the first collaterals are formed, we assume that the fibers invading the dorsal gray matter from the DREZ after application of FastDiI to the DRG were primary axons rather than collaterals. However, due to the lack of subpopulation-specific markers for these early stages, the identity of these fibers could not be determined. Scale bar is 50 m in ( 6A-6C ). Collaterals which embryos injected with anti-axonin-1 antibodies, we were restricted to laminae I or II in control embryos found a total of 60 fibers that innervated the dorsal extend further medially into layer III in anti-axonin-1-gray matter. Given the difficulties in visualizing the fibers injected embryos (arrows in Figures 6B and 6C ). We clearly, it seems likely that we underestimated the numhave quantified this effect in more detail by determining ber of fibers. Consistent with reports in the literature, the percentage of sections in which at least ten axons we never found any collaterals invading the gray matter or axon bundles extended further medially than lamina before stage 29 in control embryos ( Figure 5A) . II ( Figure 6G ). We were able to detect fibers extending beyond lamina II in only 6% of the slices from control embryos (n ϭ 16 from five embryos). However, in all After Perturbation of Axonin-1 Interactions, slices (n ϭ 16) from five different embryos injected with trkA-Positive Sensory Afferents Commit antibodies against axonin-1, a large number of axons Pathfinding Errors in the Dorsal Horn failed to stop in the lateral dorsal gray matter and exof the Spinal Cord tended beyond lamina II. There was no difference beIn addition to these early defects, the absence of axonintween axonin-1 and trkA-positive fibers. Due to the large 1 interactions also caused pathfinding errors of several number of fibers stained with either anti-trkA or antisubpopulations of sensory axons with dorsal target layaxonin-1 antibodies in each slice, we could not discrimiers in embryos analyzed at stage 35 or older (Figure 6) . nate fibers that were supposed to innervate lamina I For instance, in anti-axonin-1-injected embryos sacribut extended into lamina II from those which correctly ficed at stage 38 (n ϭ 10 embryos), many collaterals innervated lamina II. However, based on the differences which normally leave the lateral dorsal funiculus to project to laminae I and II projected instead to lamina III in staining intensity in laminae I and II between experi- mental and control slices, we concluded that the obbut that fibers which normally innervated lamina I were also affected. served pathfinding defects were not only due to misprojecting fibers that were supposed to innervate lamina II A second phenotype that was quantified in more detail Table 2 ). The average angle for control sections was determined to be 2.4Њ Ϯ 2.4Њ for fibers extending dorsally and 4.2Њ Ϯ 3.3Њ for fibers extending ventrally (mean Ϯ SEM; ANOVA, p Ͻ 0.0001). After perturbation of axonin-1 interactions, a significant number of fibers were found to take aberrant pathways ( Table 2 ). The mean angle was 52.7Њ Ϯ 6.7Њ for dorsally and 64.0Њ Ϯ 5.9Њ for ventrally projecting fibers.
was the angle at which the fibers left the lateral dorsal The specificity of axonin-1 as a guidance cue for nociceptive fibers was corroborated in embryos analyzed at funiculus ( Figure 6H) . In control embryos, fibers left the dorsal funiculus as a tight bundle. They were seen to stage 35. DiI was used to trace a horizontally projecting subpopulation of sensory collaterals from the lateral fan out only after they had extended beyond lamina II (arrowhead in Figures 6D and 6H) . In contrast, in emdorsal funiculus. In adjacent sections, fibers with the same trajectory were shown to be trkA-and CGRPbryos injected with anti-axonin-1 antibodies, fibers were found to fan out immediately as they left the lateral positive (data not shown), and, thus, we concluded that they were nociceptive fibers (compare with Fyffe, 1992; dorsal funiculus ( Figures 6B, 6C, and 6H, right side) . We quantified this effect by measuring the angle of the fibers Silos-Santiago et al., 1995). At stage 35, these DiIlabeled fibers have reached the dorsal border of the cenat the exit point from the lateral dorsal funiculus ( Figure  6I ). Whereas an average of only 13.5Њ Ϯ 2.3Њ (Ϯ SEM; tral canal in uninjected and control-injected embryos (n ϭ 9 slices from three embryos; Figures 7A, 7C and 7E ). ANOVA, p Ͻ 0.0001) was measured for fibers in slices of control embryos (n ϭ 13 from five embryos), an average In contrast, after injection of anti-axonin-1 antibodies, these fibers either failed to reach the central canal (Figangle of 46 .5Њ Ϯ 7.9Њ was determined after perturbation of axonin-1 interactions (n ϭ 11 slices from three emure 7B) or deviated dramatically from their normal trajectory and innervated dorsal and more ventral layers (Figbryos) . Equally striking was the decrease in the number of fibers exiting from the dorsal funiculus (at least 10-ures 7D and 7E). To quantifiy this phenotype, we measured the proportional distance reached by axons fold) in anti-axonin-1-injected compared to control embryos (compare Figures 6B, 6C, and 6E with 6A and 6D) . en route to the central canal. On average, fibers extended only 87% of the distance in anti-axonin-1-The projections of proprioceptive Ia collaterals to the ventral horn were not affected by the perturbation of injected embryos (n ϭ 24 slices from nine embryos). In order to quantify the striking deviation of fibers from the anti-axonin-1 interactions (Figures 6F and 4F) . The total number of fibers deviating from the horizontal pathway was determined after labeling with FastDiI applied to the lateral dorsal funiculus (see Figure 7E and text for details). The total number is broken down into fibers projecting dorsally and ventrally (in parentheses). a The number in the parentheses indicates the number of different embryos analyzed.
horizontal trajectory in anti-axonin-1-injected embryos, injected with anti-axonin-1 antibodies, there was no striking reduction in the number of trkA-and axonin-1-we measured the angle of fibers innervating erroneously more dorsal or ventral target layers (Figures 7E and 7F) .
positive fibers leaving the lateral dorsal funiculus. The perturbation of NrCAM interactions did not Fibers deviating from the horizontal trajectory were rare in control embryos (Table 2 were indistinguishable. The anti-axonin-1 IgGs were prepared from incubated in blocking buffer for 2 hr. The incubation with the first antibody diluted in blocking buffer was overnight at 4ЊC, incubations two different goats. As preimmune IgGs were not available for some of the antibodies, we used nonimmune IgG and a 10 mg/ml solution with the appropriate secondary antibodies were for 2-5 hr at room temperature. Sections were mounted in PBS with or without 0.1% of serum albumin (Albumax) in PBS for control-injected embryos. The analysis of embryos injected with any of these control proteins p-phenylenediamine as an antifading agent. did not reveal differences, nor did the embryos differ from noninjected embryos with respect to overall development or axon path
